In the European Union (EU), copper concentration in agricultural soil stems from anthropogenic activities and natural sources (soil and geology). This manuscript reports a statistical comparison of copper concentrations at different levels of administrative units, with a focus on agricultural areas. Anthropogenic sources of diffuse copper contamination include fungicidal treatments, liquid manure (mainly from pigs), sewage sludge, atmospheric deposition, mining activities, local industrial contamination and particles from car brakes. Sales of fungicides in the EU are around 158,000 tonnes annually, a large proportion of which are copper based and used extensively in vineyards and orchards. Around 10 million tonnes of sewage sludge is treated annually in the EU, and 40% of this (which has a high copper content) is used as fertilizer in agriculture. In the EU, 150 million pigs consume more than 6.2 million tonnes of copper through additives in their feed, and most of their liquid manure ends up in agricultural soil. These three sources (sales of fungicides, sewage sludge and copper consumption for pigs feed) depend much on local traditional farming practices. Recent research towards replacing copper spraying in vineyards and policy developments on applying sewage and controlling the feed given to pigs are expected to reduce copper accumulation in agricultural soil.
Introduction
Humans have known about copper (Cu) for at least 10,000 years; it has been used extensively across the world by, for example, Egyptians, Greeks, Romans, Aztecs, Balkans and Chinese cultures [1, 2] . Copper is used in construction, machinery, energy, transport, electronics, agriculture and, in recent years, for animal nutrition [3] . In the 1880s, a fungicide (based on a mixture of copper sulfate, lime and water) became widely used to control mildew in grapes vines [2] . In the 1950s, the antifungal properties of copper were demonstrated in laboratories [4] . On a global scale, the use of copper in agriculture increased after 1987 [3] .
Soil pollution poses a significant risk to human health, as recognized in a recent review of contaminated sites in Europe [5] . In particular, heavy metals from industrial waste can be a source of contamination of soil and, thus, of drinking water, food and animal fodder [6] . The contamination of agricultural soil with inorganic (copper) and organic pesticides is of particular concern for the state
Materials and Methods

Geodatabases
The study used the topsoil database from the Land Use/Land Cover Area frame Survey (LUCAS) [14] (known as LUCAS Topsoil), which contains records of the physical and chemical properties of 21,682 soil samples in 27 EU Member States (excluding Croatia) ( Figure 1 ). The laboratory analysis of the physical and chemical properties (including copper) used standard ISO methods including a validation process [15] . The soil samples were taken from the uppermost 20 cm of surveyed soil and more details on both the LUCAS topsoil sampling scheme and the analysis can be found in recently published papers [14] [15] [16] . 
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influence copper distribution [13] . This regression model for copper distribution in the European
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Union (EU), based on 21,682 soil samples, found that high copper levels in vineyards are mostly 48 related to management practices at regional level (including frequent Cu-based fungicide treatments) 49 [13] . In addition to management practices, the regression model [13] found that main drivers of high 50 copper concentrations are also high clay content, high pH and heavy summer rainfall. The influence
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of geology is limited to certain parent materials such as tephra and acidic volcanic rocks (high copper 52 concentration) while sedimentary rocks and fluvial deposits have lower copper levels [13] . The 53 present paper follows that study [13] , by investigating the anthropogenic activities that lead to copper 54 accumulation, with a specific focus on agriculture.
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The objectives of this study were: (1) to investigate the anthropogenic factors influencing copper 56 accumulation in agricultural topsoils; (2) to link land use and agricultural management with copper 57 concentration; and (3) to identify which areas of the EU may be most affected. It was not among the 58 objectives of this study to challenge any local or regional study that has been performed with a greater 59 number of soil samples or more precise knowledge of drivers influencing copper values at local scale.
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The study used the topsoil database from the Land Use/Land Cover Area frame Survey (LUCAS) 63 [14] (known as LUCAS Topsoil), which contains records of the physical and chemical properties of 
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validation process [15] . The soil samples were taken from the uppermost 20 cm of surveyed soil and 67 more details on both the LUCAS topsoil sampling scheme and the analysis can be found in recently
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published papers [14] [15] [16] .
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Surveyors also noted the land cover type (e.g., cropland, forest, and grassland). The LUCAS
70
topsoil survey focused mainly on agricultural areas, with cropland samples constituting 45% of the 71 total (5% of which are located in permanent crops), while grassland and forest samples make up Surveyors also noted the land cover type (e.g., cropland, forest, and grassland). The LUCAS topsoil survey focused mainly on agricultural areas, with cropland samples constituting 45% of the total (5% of which are located in permanent crops), while grassland and forest samples make up 22.9% and 27.2%, respectively. LUCAS Topsoil is the most comprehensive harmonized soil database for the EU, as it has 13 categories of physical and chemical properties, analysis of 12 heavy metals, and a visible and near infrared spectral library (Figure 1 ). In addition, LUCAS Topsoil is up to date, as it uses sampling data from 2009 and 2012.
LUCAS Topsoil can be linked with other georeferenced data sources, such as the LUCAS land cover survey and the European Union administrative units (Figure 1 ). The LUCAS land cover survey is a point survey organized by the statistical service of the European Commission (EUROSTAT) every three years [17] . The surveyors visit approximately 270,000 locations and recording the land cover type (forest, grassland, arable, etc.), land use and other landscape features [14] .
The Nomenclature of Territorial Units for Statistics (NUTS) is the official EU database for delineating administrative units at different levels (country, region, province and municipality). The NUTS2 geographical regions are often used for developing regional policies and therefore many environmental indicators are presented at this scale. Across the 27 EU Member States, there are 285 NUTS2 administrative units, with areas ranging from 13 km 2 to 165,075 km 2 and populations of 0.8-3 million inhabitants [18] .
Statistical Analysis per Geographical Units and Land Cover Types
For the copper attribute of the LUCAS Topsoil database, we performed a statistical analysis to assess the mean, median, skewness and percentiles. The copper data were aggregated according to different administrative units such as countries and regions. At country level, we provide the mean, median and the interquartile range (IQR). The IQR is the measure where the average 50% of the values are located and shows where the bulk of an attribute's value lies.
The data are also analyzed by land cover groups aggregated on annual croplands, permanent crops, forests and grasslands. As the objective of the paper is to understand how management practices are influencing copper distribution, we focus on annual and permanent croplands.
Modeling Copper Use in Relation to Fungicides Sales
The EUROSTAT agri-environmental indicator "consumption of pesticides" contains data from EU Member States on the sales of "fungicides and bactericides" [19] . As information on actual applications are not readily available, the data for this indicator may be considered a proxy for copper use in these countries. We estimated the mean consumption as tonnes per country based on the statistics available for 2011-2015 (mean value). According to the EU statistics, 63% of all fungicides in the EU (total 158,800 tonnes) are sold in three countries (Italy, France and Spain), each of which consumes approximately 30,000-37,000 tonnes of fungicides per year.
Based on CORINE land cover data for 2012 [20] , we estimated the number of hectares under each different land cover in all Member States. The permanent crop cover (i.e. vineyards, olive groves and fruit trees) was around 10.3 million hectares, which corresponds to 6.4% of the total agricultural land of the EU. We developed a model to predict the average fungicide consumption per hectare at EU level in both permanent crops and arable lands. The model consumption rate is "forced" by the sales of fungicides and based on the following formula:
For a given Member State i, the estimated sales of fungicides (ESF i ) were obtained by adding up the fungicides applied to permanent crops (PC i : the hectares of permanent crops in Member State i; and PCC: the rate of permanent crops consumption) and the fungicides applied to arable land (AL i : the hectares of arable land in Member State i; and ALC: the rate of arable lands consumption). The model distinguishes between the consumption of fungicides in permanent crops and that in arable lands. The sum of estimated sales of fungicides in the EU should be close to the mean consumption of fungicides available from Eurostat statistics (approximately 158,800 tonnes).
Modeling the Copper Concentration in Relation to Distance from Mines
The possible influence of mining activities on topsoil copper levels was investigated using the mines database taken from the Minerals4EU platform [21] (http://minerals4eu.brgm-rec.fr/ minerals4EU/). The database includes 1080 identified copper mines; of these, 217 have available data on past production and activity status. The regression model fits the copper concentration in relation to distance from the copper mines in European Union.
Results
The Section 3.1 provides the main descriptive statistics on copper from the LUCAS Topsoil database. Then, the Section 3.2 describes the geographical distribution of copper by administrative unit. The copper distribution in forests and grasslands is described briefly, followed by a detailed analysis of croplands, with a focus on permanent crops. The copper concentration in vineyards is of great concern because of the elevated values here compared with other croplands.
Descriptive Statistics
The mean copper concentration from the LUCAS Topsoil database is 16.86 mg kg −1 and the 50th percentile is 11.57 mg kg −1 , with a positive skewness. Almost 19% of the total samples have a copper concentration of less than 5 mg kg −1 , and 44% of samples have a concentration of less than 10 mg kg −1 ( Figure 2 ). The majority of samples (55%) fall in the range 5-20 mg kg −1 . Finally, three quarters of the samples have a Cu concentration of less than 20 mg kg −1 . Considering that the copper threshold at which soil is considered to be at risk for human health is 100 mg kg −1 [8, 9] , only 1.1% of the samples should be further assessed as being at risk. 
Overview of Geographical Distribution of Copper by Administrative Unit
At country level, Cyprus is estimated to have the highest mean copper concentration in topsoil (53.41 mg kg −1 ), followed by Italy (41.22 mg kg −1 ), Malta (33.11 mg kg −1 ), Greece (27.97 mg kg −1 ), Bulgaria (27.71 mg kg −1 ) and Romania (23.38 mg kg −1 ). The lowest mean values are found in the Baltic states, Poland, Sweden and Denmark (all less than 10 mg kg −1 ). In all countries, the median values are lower than the mean values, as the distribution is positively-skewed due to many low Cu values and few outliers.
As for the mean, the highest median Cu concentration is found in Cyprus (37.5 mg kg −1 ), followed by Italy ( 
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As for the mean, the highest median Cu concentration is found in Cyprus (37. 
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and Denmark (8.79 mg kg -1 ) ( Figure 3 ).
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High Cu concentration in Cyprus was also confirmed by Zissimos et al. [22] 
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In Figure 
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A simple geographic distribution of Cu concentration can be assessed using the mean value for High Cu concentration in Cyprus was also confirmed by Zissimos et al. [22] and is closely related to mining activities. In France, the median Cu concentration (12.11 mg kg −1 ) is much lower than the mean (19.23 mg kg −1 ) because there are few outliers (Figure 3) . Similarly, Portugal has a wide dispersion of values with high variability. Some countries have similar mean and median values because there are no outliers: Ireland (mean 17.49 mg kg −1 , median 16.11 mg kg −1 ), Belgium (mean 15.9 mg kg −1 , median 14.62 mg kg −1 ) and Hungary (mean 15.39 mg kg −1 , median 14.12 mg kg −1 ).
In Figure 3 , the horizontal line indicates values 1.5 times the IQR. According to this interpretation, the highest middle quartile concentrations are in Romania, Slovakia, Belgium and the countries with the lowest median values (Figure 3) .
A simple geographic distribution of Cu concentration can be assessed using the mean value for each NUTS2 region (Figure 4 ). For convenience, the term "region" is used to describe this level of geography. For 33 NUTS2 regions (mainly metropolitan cities), we had no soil samples, while for 19 other regions we had fewer than five LUCAS samples because of reduced sampling coverage (they are denoted as "few samples" on the legend of Figure 4) . For 63 regions, we had >100 available samples; for 69 regions, we had 50-100 samples; and, for the remaining 101 regions, we had 5-50 samples. 
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According to this regional analysis, the mean Cu concentration in topsoil is higher than 50 mg Figure S1 ). In the other Italian regions, Malta, west Greece, east Bulgaria,
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Catalonia (Spain) and Algarve (Portugal), the mean Cu concentration is between 30 and 50 mg kg -1 .
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By contrast, the majority of regions in Northern and Eastern Europe have Cu concentrations below 185 20 mg kg -1 (the locations mentioned are reported in Supplement Figure S1 ). According to this regional analysis, the mean Cu concentration in topsoil is higher than 50 mg kg −1 in Trentino-Alto Adige, Emilia-Romagna and Lazio in Italy (and Veneto has a mean value of 49 mg kg −1 ); in the Languedoc-Roussillon region in France; and in Cyprus (the locations mentioned are reported in Supplement Figure S1 ). In the other Italian regions, Malta, west Greece, east Bulgaria, Catalonia (Spain) and Algarve (Portugal), the mean Cu concentration is between 30 and 50 mg kg −1 . By contrast, the majority of regions in Northern and Eastern Europe have Cu concentrations below 20 mg kg −1 (the locations mentioned are reported in Supplement Figure S1 ).
Copper Distribution in Forests and Grasslands
For the EU, the mean Cu concentration in grasslands is 18.23 mg kg −1 , while in forests it is significantly lower (11.98 mg kg −1 ). In comparison by countries ( Figure 5 ), the mean Cu concentration in croplands or permanent crops is higher than forests or grasslands with the exception of Cyprus and Malta. Broadleaf forests (e.g., acacia, beech, oak and eucalyptus) have almost double the mean Cu concentration of coniferous forests (e.g., spruce, hemlock, pine and fir): 17.66 mg kg −1 and 9.37 mg kg −1 , respectively. Compared with a coniferous forest, a broadleaf wood has a very thin forest floor, so the deposited Cu tends to be retained mostly in the top mineral layer [23] . The highest mean Cu concentration in broadleaf forests is in Italy, with 42.65 mg kg The mean Cu concentration is very low in coniferous forests in Finland, Sweden, Poland and Germany (<10.5 mg kg −1 ). It is notable that all seven soil samples from coniferous forests in Cyprus had a Cu concentration higher than 50 mg kg −1 and the mean was 126 mg kg −1 , which may be related to past mining activities [22] .
Regarding grasslands, the highest mean Cu concentration in the EU is measured in Cyprus, at 48.74 mg kg 
Copper Distribution in Croplands
The main aim of this study was to analyze copper distribution in the topsoil of croplands. Taking into account 9765 croplands samples (45% of the total), we mapped the mean Cu concentration at regional level, overlaying the presence of vineyards, olive groves and fruit trees ( Figure 6 ). 
Analysis of Copper in Vineyards
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There is a long tradition in Europe of using Cu-based fungicides in vineyards to better control 252 vine downy mildew [25] . Another major reason for the extensive use of copper as a fungicide is its
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relatively low market cost [2] .
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In the LUCAS Topsoil database, 342 soil samples (1.6% of the total) were taken from vineyards
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( Figure 6 ). The detected mean Cu concentration in vineyards is the highest for all types of land cover 256 Figure 6 . Mean copper distribution (mg kg −1 ) in EU croplands by NUTS2 region and distribution of soil samples taken from vineyards, olive groves and fruit trees.
The mean Cu concentration in croplands is higher than the overall mean in regions where samples were mainly taken from vineyards and olive groves ( Figure 6 ). Comparing the overall concentration ( Figure 4) with that of croplands (Figure 6 ), the Cu concentration is higher in the regions of Mediterranean countries with permanent crops (Italy, Greece, Spain, Portugal and France), together with a few regions in Romania, Bulgaria and Germany.
The soil data can be assigned to two main categories of croplands: (a) arable lands (annual crops), with 8676 soil samples (around 40% of the total); and (b) permanent crops, with 1084 soil samples (5% of the total). In samples from arable land, the mean concentration is 16.7 mg kg −1 and the median is 12.8 mg kg −1 . In Cyprus, Italy, Bulgaria and Greece, the mean Cu concentration in arable lands is greater than 25 mg kg −1 ( Figure 5) .
Of all types of land use, permanent crops have the highest copper concentration, at 36.57 mg kg −1 , with a median of 22.55 mg kg −1 . Fruit trees have a relatively high mean concentration, at 27.32 mg kg −1 , with 3.4% of the samples showing a Cu concentration above the threshold limit of 100 mg kg −1 [13] . In this category, pears have the highest concentration (37 mg kg −1 ), while cherries have the lowest (20 mg kg −1 ). In a study in Italy, the high concentration of copper in pears was linked to the frequent use of copper sprays for controlling plant diseases such as brown spot, the European canker and fire blight [24] . All other fruit trees (i.e. apples, walnuts, citrus fruit and other tree berries) show values close to the mean.
Olive trees are mainly grown in Mediterranean countries (e.g., Italy, Spain, Greece and Portugal); the mean Cu concentration in 421 soil samples from olive cultivation is 33.5 mg kg −1 , with high variability between those four countries. Italy's olive groves show a higher mean Cu concentration (41.18 mg kg −1 ) than those in Greece and Spain (approximately 31.5 mg kg −1 ). Olive groves in Portugal have a much lower mean Cu concentration (17.76 mg kg −1 ) than those in other Mediterranean countries.
At regional level, Catalonia (Spain), Lazio, Campania, Abruzzo and Calabria (all Italy) show mean Cu concentrations in olive groves higher than 50 mg kg −1 . Overall, the 20 soil samples (4.8% of the total) that have a Cu concentration above the threshold are mainly found in Italy and Spain (the locations mentioned are reported in Supplementary Figure S2) . Finally, some findings show regional differences in the same land cover within a single country. For example, olive groves in Peloponnesus (Greece) have a mean Cu concentration of 39.3 mg kg −1 , compared with 24 mg kg −1 in Crete. In addition, olive groves in Castilla (Spain) have a much lower mean Cu (9.46 mg kg −1 ) than those in Andalusia (35.62 mg kg −1 ) and Catalonia (65.3 mg kg −1 ) (the locations mentioned are reported in Supplement Figure S2 ).
Analysis of Copper in Vineyards
There is a long tradition in Europe of using Cu-based fungicides in vineyards to better control vine downy mildew [25] . Another major reason for the extensive use of copper as a fungicide is its relatively low market cost [2] .
In the LUCAS Topsoil database, 342 soil samples (1.6% of the total) were taken from vineyards ( Figure 6 ). The detected mean Cu concentration in vineyards is the highest for all types of land cover in LUCAS. Vineyards have a mean Cu concentration of 49.26 mg kg −1 , with very high variability between countries (Table 1) . Moreover, vineyards are the land cover class with the highest proportion (14.6%) of soil samples with values above the proposed threshold (100 mg kg −1 ) [8,9,16]. A regional analysis of French vineyards shows the highest mean Cu concentration in Aquitaine (95.77 mg kg −1 ), followed by Languedoc-Roussillon (94.74 mg kg −1 ). In Provence-Alpes-Côte d'Azur (88.46 mg kg −1 ) and Poitou-Charentes (68.59 mg kg −1 ), the mean Cu concentration in vineyards is 3-4 times higher than that in all other types of land. Furthermore, in the vineyards of the first three aforementioned French regions, half of the soil samples have Cu concentrations higher than the threshold.
The main wine-producing areas of Italy also have high mean Cu concentrations in vineyards. The province of Trento has an average Cu concentration of 220.9 mg kg −1 (six soil samples), Emilia-Romagna has 110.44 mg kg −1 (nine samples), Tuscany has 64.81 mg kg −1 (12 samples), Veneto has 58.90 mg kg −1 (eight samples) and Piedmont 52.38 has mg kg −1 (nine samples).
Discussion
According to a well-known study [26] , the anthropogenic influence on copper distribution is stronger than the geogenic or pedogenic influence. This section discusses the main sources of high copper concentrations due to anthropogenic activities (e.g., fungicide treatments), with a focus on vineyards. In addition to the literature findings, we used fungicide sales as a proxy for copper use in agricultural areas. As liquid manure affects copper concentration levels in areas with a high density of pigs in clay soils, we also examined this aspect.
Fungicide Sales as a Proxy for Copper Use
According to Mackie et al. [27] , the mean application rate of fungicides in Europe is about 8 kg ha −1 year −1 for permanent crops and 1-2 kg ha −1 year −1 for arable crops, whereas other world regions have much higher rates. Similar to this study, Provenzano et al. [28] estimated the mean fungicide rate to be about 7.4 kg ha −1 , which is higher than that permitted by EU regulations (6.4 kg ha −1 ). Our model fit (described in Section 2.3) resulted in an average fungicide consumption of 8.1 kg ha −1 for permanent crops and 0.54 kg ha −1 for arable land.
The estimated fungicide consumption was compared with the sales statistics ( Figure 7 ). The size of the bubbles in Figure 7 is proportional to the area covered by permanent crops, which have a higher consumption of fungicides than other croplands. Obviously, countries below the dotted line are those that consume less fungicide than estimated by our model (Equation 1 in Section 2.3). Although Spain has the highest proportion (34.6%) of permanent crops in the EU, sales show that farmers do not use fungicides intensively. In addition to different local patterns and exceptions, the vineyards in Spain are often tilled and plowed, so they are characterized by reduced green cover, which was also found recently in an estimation of the cover management erosion factor [29] . In addition, it is noted that the newer Member States (e.g., Poland, Romania, Bulgaria and Hungary) do not use fungicides intensively in farming. On the other hand, France and Italy show a higher quantity of fungicide consumption than the estimate. This was in line with our findings that higher copper concentrations are found in certain wine-producing areas of Italy and France.
has the highest proportion (34.6%) of permanent crops in the EU, sales show that farmers do not use 290 fungicides intensively. In addition to different local patterns and exceptions, the vineyards in Spain 291 are often tilled and plowed, so they are characterized by reduced green cover, which was also found 292 recently in an estimation of the cover management erosion factor [29] . In addition, it is noted that the This analysis should be treated with care since there are no detailed data available per fungicide category. The data on fungicides and bactericides include data for three categories: "inorganic fungicides" (e.g., copper), "fungicides based on carbamates and dithiocarbamates" and "other fungicides and bactericides". The outliers in the Netherlands and Belgium are due to the use for arable crops (potatoes, onions, bulbs and horticultural crops) of other fungicides and bactericides that do not contain copper compounds (Fungicides based on carbamates and dithiocarbamates, and other fungicides). For example, in Belgium, only 10% of the total fungicides sales in 2016 were inorganic fungicides. This hypothesis is also confirmed both by personal communication with national statistical authorities and by the statistics "use of plant protection products in the European Union" [30] . The application of fungicides in vineyards is closely related to the management practices followed by farmers. Moreover, it was verified with remote sensing data (comparing the fraction of bare soil in different countries per land cover type) that vineyards are plowed more often in Spain than in north Italy and France [29] . Finally, in Spain, copper treatment does not have as long a tradition as does in Italy and France.
Copper Concentration and Liquid Manure in Agricultural Soils
Copper (mostly in the form of copper sulfate) is often added to pig feed to suppress bacterial action in the gut and to maximize feed utilization by the animals [31] . Consequently, the Cu concentration in pig manure is an order of magnitude higher than that in other animal manure (e.g., cattle, poultry and sheep) [32] . In the United Kingdom, it is estimated that there is 643 tonnes of Cu annually in livestock manure.
According to Food and Agriculture Organization of the United Nations (FAO) statistics and Eurostat data on livestock production, the density of pigs per km 2 is extremely high in Dutch, Belgian, Danish and north German regions [33] . Nevertheless, the sandy soil in those areas does not retain Cu, unlike clay soils [34] . As found recently in a regression analysis of the copper distribution in Europe [13] , copper retention in topsoils is favored in clay soils that have relatively high pH and are in wet (humid) conditions. The leaching of copper and mobility as a result of erosional processes is a complex issue that can be addressed at local scale where detailed data on copper input and sediment distribution are also available.
In Southern Europe, a relatively high density of pigs (>100 per km 2 ) has been recorded in north Italian regions (Lombardy and Emilia Romagna), Spain (Catalonia and Navarre) and Malta (see Supplement Figure S3 ). In north Italy, it is common to use the slurry and manure from intensive farming as a fertilizer in crop production [35] . In most cases, the slurry has a high concentration of copper and zinc, as it comes from pig farms [36] . This liquid manure can be a potential source of high copper concentration where the high density of pigs is combined with clay and alkaline soils (higher pH) where farmers traditionally use pig slurry as manure.
Sewage Sludge and Copper
An additional problem of Cu is related to wastewater treatments, where high Cu concentrations remain in treated sewage sludge [37] . Water pipes, copper roofs and other household copper installations contribute to increased copper concentration in municipal wastewaters and sewage sludge [38] . Sewage sludge is a source of organic matter and includes a high amount of plant available nutrients [39] . It is known that sludge can improve soil properties and it is frequently applied on agricultural fields lacking in organic matter [40] .
The copper concentration in agricultural soils is closely related to uncontrolled solid waste discharges and liquid waste from households or agricultural enterprises [26] . In addition to the study in Croatia [26] , Nicholson et al. [41] estimated the major contribution of sewage sludge to high copper concentrations in certain agricultural areas in England and Wales. The arable lands of south Sweden, where sewage sludge has recently been applied, showed the highest increase in copper [39] .
According to statistical data, around 10 million tonnes of dry solids are produced in the EU annually. It is estimated that 4 million tonnes are used in agriculture as organic amendments [40, 42] . In the EU-27 countries, the highest sludge production was observed in Germany, the United Kingdom, Spain, France and Italy (>1 million tonnes) [43] . In the United Kingdom, approximately 480,000 tonnes of dried sewage sludge is used on agricultural land [41] . The copper content of sewage sludge (on dry solids) is high, ranging 100-500 mg kg −1 [44] . The Member States have adopted stricter restrictions for sludge disposal in soil than those determined in Directive 86/278/ EEC by setting lower limit values for heavy metals (including copper) [43, 45] . This implies that advanced sludge technologies (e.g., wet oxidation, pyrolysis, on-site incineration, etc.) need to be adopted to remove toxic compounds [43, 45] .
Influence of Mines on Copper Concentration
Copper concentration decreases almost exponentially with distance from the mining works. According to a study in a copper excavation situated on Parys Mountain (United Kingdom) [46] , the copper concentration decrease exponentially after a distance of 1 km from the mine. In a similar study in south Spain (mines of Tharsis, Ríotinto and Huelva) [47] , the authors concluded that elevated copper concentrations in soils were found to be restricted to the immediate vicinity of the mines and smelters (maximum 2-3 km).
To assess the possible impact of mining activities, a regression model was fit including various distance metrics calculated from the copper mines database downloaded from the Minerals4EU platform [21] . Since the LUCAS Topsoil includes relatively few samples in close distance to mines, we have used the logarithmic scale to plot the results. The X-axis (Figure 8) shows the distance of surveyed samples from mine locations and there are few samples in distance less than 1000 m. The result shows that there is no univocal correlation between the distance from copper mines and the topsoil copper content at EU level (Figure 8 ). The negative slope of the regression lines indicates that some form of correlation between distance from mines and Cu levels is present. This trend is present for some EU countries such as Finland, France, Germany, Ireland, Poland and Spain. Unfortunately, there are limited samples in close distance (e.g., 1 km) to copper mines. 
Other Anthropogenic Sources of Copper Accumulation
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The atmospheric deposition of Cu varies from 5 to 100 g Cu ha -1 year -1 [51] . Alloway et al. [52] 385 noted that the highest copper deposition rates (>50 g ha -1 year -1 ) were found in Italy, Germany, 
Other Anthropogenic Sources of Copper Accumulation
Atmospheric deposition (e.g., industrial emissions) can also influence copper concentrations in soil [48] . Airborne copper emissions can be both natural (volcano eruption, forest fires and wind suspension of dust) and anthropogenic [49] , predominantly from mining, smelting, fuel combustion and refining industries. According to a United Kingdom soil pollutant survey [50] , the median Cu concentration in soils close to industrial sites (28.8 mg kg −1 ) was 67% higher than that in rural areas (17.3 mg kg −1 ).
The atmospheric deposition of Cu varies from 5 to 100 g Cu ha −1 year −1 [51] . Alloway et al. [52] noted that the highest copper deposition rates (>50 g ha −1 year −1 ) were found in Italy, Germany, England and Wales. The copper industry in Europe is economically important, employing more than 50,000 people directly and indirectly, sustaining millions of jobs [53] . Furthermore, the sector has made much progress in reducing heavy metal emissions [41, 54] .
In addition, particles from the wear of automobile brakes are a significant source of copper emissions [48] . Brake pads can contain copper, zinc and brass. In a study of pollution in roadside soil, the copper concentration in soil closer to highways (<10 m) was found to be 7% higher than that in soil more than 10 m from the highway [55] .
Recent Developments in Copper Use
Excess copper levels can harm both above and belowground biodiversity (bacteria and earthworms), plant development and food quality, and present other environmental risks [13] . These effects have led to regulatory restrictions on using copper (maximum doses that can be applied per hectare and per year) and even bans on its use for plant protection in countries such as the Netherlands and Denmark [56] .
Of course, alternatives to copper have to be proposed. Dagostin et al. [57] carried out an extensive study (112 treatments) in north Italy and Switzerland to find novel compounds that could be effective against downy mildew, and are less toxic than copper and compatible with organic farming principles. According to their findings, copper-based fungicides are still the most efficient against downy mildew, but there is potential to improve copper formulas that will control those diseases and be less toxic than metallic copper [57] . Kuehne et al. [58] reached similar conclusions as they tested the use of alternative compounds to copper for pest management in organic farming.
A recent review by INRA (French National Institute for Agricultural Research) reported that genetics or natural products with biocidal effects (biocides and natural stimulants), in combination with certain control measures (e.g., contaminated crop residues), can be alternatives to extensive copper use in agriculture [59] .
The copper content of sewage sludge can be reduced by using absorption systems (e.g., a mix of granulated iron hydroxide (GEH) and calcium carbonate), using advanced treatments able to remove toxic compounds and better controlling sewage application in agriculture. In the Netherlands, a proposed solution is the use of certified compost with labels showing the heavy metals composition (including copper) [60] . Similarly, legislation in Finland and Denmark proposes using fertilizers with certified low metal content.
In a recent policy recommendation, the European Food Safety Authority (EFSA) recommended that the copper content in complete feed for piglets should not exceed 25 mg kg −1 (compared with the past threshold of 170 mg kg −1 ) [61] . This would contribute significantly to reducing the copper released into EU agricultural soils from liquid manure by more than 1600 tonnes [61] .
Conclusions
High concentrations of Cu have been noted in specific land uses such as vineyards and other orchards (e.g., olive groves and pears) that may be affected by the application of Cu-based fungicides for controlling plant diseases. Those outputs are also confirmed by fungicide sales, which is a significant proxy for concluding that copper is overused in France and Italy, and underused in Spain and Eastern Europe.
An additional source of high Cu concentrations in agricultural soil is the intensive fertilization with pig slurry. In regions where pig slurry is traditionally used as a fertilizer, this practice combined with a high density of pigs and clay soils, can result in Cu accumulation. Sewage sludge and atmospheric deposition (in areas close to mines) are additional anthropogenic activities that, alongside climatic conditions, soil properties and geology, are drivers of high-level Cu concentration. According to literature findings, the Cu concentration is relatively high in a 1-2 km distance from mines. We have developed a regression model plotting the negative effect of distance to mines in relation to copper concentration but this trend should be further explored with more samples close to mining activities.
At policy level, managing heavy metal balances in the environmental framework requires well-defined soil protection policies with a specific focus on agricultural soils. The sustainable management of our soils requires a strong policy framework that protects soils, makes scientific contributions to best management practices and involves various stakeholders (farmers, industry, municipalities, etc.). Author Contributions: Conceptualization, P.P. and L.M.; Methodology, P.P., E.L. and C.B.; Formal Analysis and mapping, P.P., C.B, P.B. and S.S.; Investigation, P.P and C.B.; Data Curation, S.S. and P.B.; Writing-Original Draft Preparation, P.P., A.J. and P.B.; Writing-Review and Editing, P.P., E.L. and C.B. Project Administration and overview, L.M. and P.P. Validation, A.O.
